Most medications prescribed for attention-deficit-hyperactivity disorder are psychomotor stimulants with reinforcing effects in laboratory animals (eg methylphenidate). The present studies were conducted to evaluate the reinforcing effects of the recently approved medication atomoxetine in monkeys trained to 'choose' between automated deliveries of either an i.v. injection or food. Rhesus monkeys were trained to lever-press under concurrent schedules of reinforcement; responses on one lever resulted in an injection of either saline or drug, and responses on the alternative lever resulted in food delivery. Data were collected on four measures: response rates, percentage of total responses occurring on the injection-lever (% ILR), number of injections earned, and number of food pellets earned. Dose-effect functions were determined for cocaine (0.003-0.3 mg/kg/inj), methylphenidate (0.003-0.1 mg/kg/inj), amphetamine (0.003-0.1 mg/kg/inj), atomoxetine (0.01-0.3 mg/kg/inj), and desipramine (0.03-1.0 mg/kg/inj) using a double alternation schedule of saline and drug availability. Results indicate that the distribution of behavior changed according to the drug and dose available for self-injection. Saline availability was typically associated with high rates of food-maintained responding. The % ILR increased from 371% when saline was available to 490% when 40.03 mg/kg/inj of cocaine, methylphenidate or d-amphetamine was available. However, no dose of atomoxetine or desipramine maintained self-administration behavior on the injection-lever. The number of food pellets earned per session decreased as the dose of each drug increased, indicative of behavioral activity with all five drugs. The reinforcing effects of cocaine, methylphenidate, and d-amphetamine in these studies are consistent with previous findings in nonhuman primates and with their documented abuse liability. The absence of reinforcing effects of atomoxetine support the view that, like desipramine, it has no evident abuse potential.
INTRODUCTION
Attention-deficit-hyperactivity disorder (ADHD) is the most common neurobehavioral disorder among children, with an estimated prevalence of 3-7% in school-aged populations (Goldman et al, 1998; Swanson et al, 1998; American Psychiatric Association, 2000) . ADHD is characterized by persistent and developmentally inappropriate levels of inattention, distractibility, impulsivity, and motor activity (American Psychiatric Association, 2000) . ADHD also is associated with impairment in academic, occupational, emotional, and social functioning (Biederman, 1998) . The disorder may continue into adulthood and be accompanied by considerable comorbidity (Biederman et al, 1991; Goldman et al, 1998; Swanson et al, 1998; Marks et al, 2001) .
Drug therapies have proven effective in the management of ADHD, with demonstrated advantages over nonpharmacological interventions such as behavioral and cognitive therapies (Elia et al, 1999; Zametkin and Ernst, 1999) . In particular, nearly 90% of patients with ADHD show clinically significant reductions in symptoms following treatment with psychostimulant drugs such as methylphenidate and d-amphetamine (Goldman et al, 1998; Elia et al, 1999) . Although not approved for the treatment of ADHD, tricyclic antidepressant drugs such as imipramine and desipramine are used as second-line therapies for ADHD owing to their overall lesser efficacy and adverse side effects. They are typically prescribed only when psychostimulant drugs are ineffective or produce intolerable adverse effects (Goldman et al, 1998; Elia et al, 1999) . A marked increase in new diagnoses of ADHD has led to a dramatic increase in the prescription of psychostimulant drugs particularly in the US (Goldman et al, 1998) . For example, production of methylphenidate has increased several-fold within the last decade and more than 90% of ADHD patients now receive methylphenidate in the US (Safer et al, 1996; Goldman et al, 1998) .
The increased prescription of anti-ADHD medications has been accompanied by increased concern regarding their clinical application. First, both first-and second-line medications produce well-documented adverse effects that may limit their therapeutic benefit (Spencer et al, 2002) . Second, the addictive properties of amphetamines and the pharmacological similarity of methylphenidate to abused psychostimulant drugs including cocaine and d-amphetamine itself are well recognized (Kollins et al, 2001) . Like cocaine, both d-amphetamine and methylphenidate produce increases in extracellular dopamine levels and comparable discriminative-stimulus effects in non-human primates and human subjects (Czoty et al, 2004; Kollins et al, 2001; Ritz et al, 1987; Volkow et al, 1999 Volkow et al, , 2001 ). Additionally, d-amphetamine and methylphenidate maintain i.v. self-administration behavior in several species, suggestive of their abuse liability (for a review, see Kollins et al, 2001) . Although there is no consensus whether methylphenidate is widely abused and/or increases the likelihood of substance-use disorders in adulthood Goldman et al, 1998; Sullivan and Rudnik-Levin, 2001; Rush et al, 2001) , there have been indications of increases in its diversion and illicit use (see Klein-Scwartz and McGrath, 2003) .
The above concerns have led to efforts to develop novel medications and, recently, atomoxetine has been approved for the clinical management of ADHD (Anonymous, 2003) . Atomoxetine is reported to be highly effective, yet produce few side effects and be devoid of abuse liability (Heil, 2002; Michelson et al, 2001 Michelson et al, , 2002 Spencer et al, 1998) . Atomoxetine is a selective norepinephrine transporter inhibitor with a relatively low affinity for serotonin and dopamine uptake processes and with minimal affinity for other biological binding sites (Bymaster et al, 2002) . Atomoxetine increases dopamine levels in prefrontal cortex, likely mediated by actions at norepinephrine transporters, without increasing dopamine activity in midbrain areas rich in dopamine transporters and associated with the reinforcing effects of drugs, for example, n. accumbens (Bymaster et al, 2002) .
The goal of the present study was to compare the relative reinforcing strength of cocaine, atomoxetine, methylphenidate, d-amphetamine, and desipramine. The comparison of drugs was made using a novel 'choice' procedure that employs concurrent schedules of i.v. drug self-administration and food delivery in rhesus monkeys (Paronis et al, 2002) . This procedure assesses the reinforcing strength of an available dose of drug relative to the reinforcing strength of a food pellet. Results show that the relative reinforcing effects of methylphenidate and d-amphetamine were comparable to cocaine, whereas desipramine and atomoxetine did not maintain self-administration behavior, even at unit doses that disrupted food-maintained behavior. The absence of reinforcing effects of desipramine and atomoxetine supports the view that these drugs are devoid of evident abuse potential.
METHODS

Subjects
Four female adult rhesus monkeys (Macaca mulatta), weighing 6-7.5 kg, were studied in experimental sessions 5-6 days/week. Subjects were individually housed in stainless steel cages between experimental sessions in a temperature and humidity-controlled room with a 12-h light/dark cycle (0700 hours lights on). Each monkey had unlimited access to tap water and received a nutritionally balanced diet (5045 High Protein Monkey Diet, Purina Mills International, INC., Brentwood, MO) supplemented regularly with fresh fruit, trail mix, and vitamins. All subjects had experimental histories involving psychostimulant drugs.
Monkeys were prepared with chronic venous catheters following the general surgical procedure described by Herd et al (1969) . Briefly, under isoflurane anesthesia and in aseptic conditions, one end of a hydrophilically coated polyurethane catheter (inside diameter, 1.0 mm; outside diameter, 1.7 mm) was inserted through a femoral vein and passed to the level of the right atrium. The distal end of the catheter was attached to a titanium vascular access port (model TI200 AC-5H; Access Technologies, Skokie, IL) that was subcutaneously located in the midscapular region.
Drugs
Cocaine HCl was obtained from the National Institute on Drug Abuse, Rockville, MD. Methylphenidate HCl and atomoxetine HCl were a gift from Eli Lilly Company (Indianapolis, IN). d-Amphetamine sulfate and desipramine HCl were obtained from Sigma-Aldrich. Solutions of cocaine, d-amphetamine, methylphenidate, and desipramine were prepared in 0.9% saline. Solutions of atomoxetine were prepared in a 5% (w/v) solution of mannitol. Doses of cocaine refer to its free base form; doses of the remaining drugs refer to the their salt forms. Doses are expressed as unit doses (mg/kg/inj), that is, the dose available for i.v. injection.
Apparatus
During experimental sessions, each monkey was seated in a Plexiglas chair within a ventilated, sound-attenuating chamber. Two response levers were mounted on a panel attached to the front of the chair. Each press of either lever with a force of at least 0.25 N produced an audible click of a relay and was recorded as a response. Red lamps above the levers were illuminated to serve as visual stimuli. A motordriven feeder outside the chamber delivered food pellets to a food receptacle on the chair via flexible tubing connected to a food pellet dispenser (Gerbrands Corp., Arlington MA, Model G530). A motor-driven syringe pump (Med-Associates, Inc., Georgia, VT, Model PHM-100) outside the chamber delivered i.v. injections via an external catheter line to the vascular access port. Each operation of the syringe pump lasted 1.1 s and delivered a constant volume of 0.2 ml. Sterile 0.9% saline (1-2 ml) was used to flush residual drug solution from the port and catheter after each experimental session. All experimental equipment was operated by automatic programming equipment.
Terminal Schedule and Training Sessions
Each monkey previously had been trained to lever press under a fixed-ratio schedule of food-maintained performance. After food-maintained performance was established on both levers, one lever was randomly designated the food-lever and the alternative lever was the injectionlever. The left lever was the injection-lever for monkeys Mm 211 and Mm 258, and the food-lever for monkeys Mm 259 and Mm 350. Lever assignments remained constant throughout the present study. Daily experimental sessions were 60 min and comprised a two-member sequence. In the first member of the sequence, completion of 30 responses (fixed-ratio 30; FR30) on the injection-lever produced a o3-s train of three i.v. injections of the solution available for self-administration followed by a 45-s timeout period. Each response on the other lever prior to completion of the fixed-ratio requirement produced a 10-s timeout period. During the second member of the sequence, which lasted for the remainder of the 60-min session, responding was reinforced under concurrent FR30 schedules of i.v. injection and food pellet delivery. Specifically, a single i.v. injection of the solution available for self-administration followed completion of 30 consecutive responses on the injection-lever, whereas delivery of a 1 g banana-flavored food pellet followed completion of 30 consecutive responses on the second lever (food-lever). A response on one lever reset the response requirement on the opposite lever. Delivery of each reinforcerFfood or i.v. injectionFwas followed by a 45-s timeout period. Stimulus lights of the same color were illuminated above both levers during the first and second members of the schedule except during timeout periods. Responses emitted during timeout periods were recorded but had no scheduled consequences.
Under training conditions, either saline or cocaine (0.032 or 0.1 mg/kg/inj) was available for i.v. self-administration. Regardless of daily changes in the availability of saline and unit doses of cocaine, food pellets were always available. Baseline performance for all monkeys was characterized by nearly exclusive responding on the food-lever when saline was available for self-administration, and nearly exclusive responding on the injection-lever when training doses of cocaine were available for self-administration. The availability of saline or cocaine for self-administration changed daily under a double alternation schedule (ie saline-salinecocaine-cocaine-saline-saline) with the proviso that the same unit dose of cocaine was available on two consecutive days (day 1 and day 2). After performance across the different training conditions was stable from day to day, the effects of cocaine and other drugs were studied during test sessions described below.
Test Sessions
The schedule parameters of test and training sessions were identical, and i.v. self-administration of a full range of unit doses of cocaine and other drugs were studied under the double alternation schedule described above. Unit doses for drugs that maintained i.v. self-administration ranged from doses that did not maintain i.v. self-administration (ie responding was predominantly allocated to the food-lever) up to the doses that maintained i.v. self-administration (ie responding on the food-lever was eliminated by responding on the injection-lever). Drugs were studied in sequence, and experiments with one drug were completed before beginning studies with another drug. Doses of a drug were made available in an irregular order that varied among monkeys. The effects of selected doses of drugs were studied for additional consecutive sessions or redetermined in a second occasion in the event that results obtained for the second consecutive session were not consistent with other data. Periodic sessions with the training doses of cocaine available interposed test sessions with other drugs to ensure maintenance of control performance. Drugs that did not maintain self-administration behavior were studied up to the highest doses that could be studied safely or up to the doses that altered rates or patterns of operant responding under this schedule.
Data Presentation and Analysis
Number of reinforcer deliveries and responses emitted on each lever were recorded throughout the session. Rate of responding, representing overall behavior on both levers during the concurrent FR schedules (expressed as responses per second), was calculated by dividing the total number of responses on both levers by the total elapsed time (in seconds) excluding responses and time during timeout periods. The percentage of injection-lever responding was calculated by dividing the number of responses emitted on the injection-lever by the total number of responses emitted on the injection-lever and food-lever. Drug intake was calculated by multiplying the number of injections delivered by unit dose.
Data from repeated determinations, including days 1 and 2 of the double alternation schedule, were averaged for individual monkeys. Experimental results are presented as group means (7SEM). Potency of self-administered drugs was assessed using linear regression when more than two points were available but were otherwise calculated by interpolation to estimate the unit dose that would result in the allocation of 50% responding to the injection-lever. Group data also were analyzed by using repeated measures analysis of variance (ANOVA) and Dunnett's test for multiple comparisons of drug vs saline within the same group. A value of po0.05 was used to assess the statistical significance of grouped data.
RESULTS
Saline and Cocaine Availability
Cocaine robustly maintained self-administration behavior and produced dose-dependent changes in the distribution of lever-pressing behavior in all monkeys (Figure 1) . A twoway repeated measures ANOVA revealed that performance under the concurrent schedules was quantitatively similar Reinforcing effects of monoamine reuptake inhibitors M Gasior et al on days 1 and 2 of cocaine availability across all unit doses and for all dependent measures collected. Therefore, averaged values of the behavioral measures collected on days 1 and 2 of the double alternation schedule are used to describe effects of cocaine and other drugs hereafter. When saline was available for i.v. injection, monkeys responded almost exclusively on the food-lever. On average, the percentage of responses on the injection lever was 171%, responding occurred at rates of 2.870.3 responses/ s, and 6172 food pellets and 171 i.v. injections were delivered during the 60-min sessions. Quantitatively similar results were obtained with the lowest unit dose of cocaine, 0.0032 mg/kg/inj. Availability of higher unit doses of cocaine, 0.01-0.32 mg/kg/inj, resulted in monotonic and dose-dependent increases in the percentage of injectionlever responding and decreases in overall response rates and number of food deliveries. The dose of cocaine calculated to produce 50% responding on the injectionlever was 0.02170.006 mg/kg/inj. The number of i.v. injections of cocaine increased, then decreased according to unit dose, resulting in a biphasic, inverted U-shaped function. The maximum number of i.v. injections was obtained during the availability of 0.032 mg/kg/inj in three monkeys and 0.1 mg/kg/inj in one monkey (Mm 259). At the highest unit dose of cocaine, monkeys responded exclusively on the injection-lever with low overall response rates, 0.0870.05 responses/s, resulting in delivery of 874 injections of cocaine and no food pellets.
d-Amphetamine Availability
d-Amphetamine dose-dependently increased the allocation of responding to the injection-lever, with X96% of responses on the injection-lever during the availability of 0.032 mg/kg/inj d-amphetamine (Figure 2) . As with cocaine, increases in the percentage of injection-lever responding were accompanied by biphasic changes in the number of i.v. injections of d-amphetamine and dose-dependent decreases in overall response rates and number of food deliveries (Figure 3 ). For the group of monkeys, the unit dose of 0.032 mg/kg/inj d-amphetamine also resulted in the maximal number of i.v. injections of d-amphetamine (mean7SEM: 24710). On average, the unit dose of damphetamine calculated to produce 50% responding on the injection-lever was approximately one-half log 10 unit lower, or 0.01270.003 mg/kg/inj.
Methylphenidate Availability
Like d-amphetamine and cocaine, methylphenidate robustly maintained self-administration behavior in all monkeys. Methylphenidate was equipotent with d-amphetamine in increasing the allocation of behavior to the injection-lever ( Figure 2) ; the unit dose of methylphenidate estimated to produce 50% responding on the injection-lever was 0.01270.006 mg/kg/inj. Methylphenidate also produced response rate-decreasing effects and decreased the number Reinforcing effects of monoamine reuptake inhibitors M Gasior et al of food pellet deliveries. The range of unit doses over which these effects were observed was the same as determined for d-amphetamine (Figure 3) . The biphasic function relating number of i.v. injections to unit dose of methylphenidate shows that the peak number of injections, 2379, was obtained during availability of the unit dose of 0.01 mg/kg/ inj, one-half log 10 unit lower than the peak unit dose for d-amphetamine in these experiments (Figure 3) .
Desipramine Availability
Desipramine, in contrast to cocaine, d-amphetamine, and methylphenidate, did not maintain i.v. self-administration. Food pellet delivery was chosen over i.v. injections across the range of doses of desipramine available for selfadministration, and more than 80% of all responses were distributed to the food-lever regardless of dose (Figure 2) . Accordingly, the number of self-administered injections of desipramine did not increase above values observed during sessions when saline was available for self-administration; the highest number of self-administered injections at any dose was 672 (Figure 3) .
Although relatively few injections were delivered, at the highest unit doses of desipramine, 0.3 and 1.0 mg/kg/inj, average drug intake was, respectively, 2.5270.86 and 4.2570.60 mg/kg. This intake, which includes injections received during the sampling component, was sufficient to result in dose-related and statistically significant decreases in overall response rates (F 4,12 ¼ 6.51, po0.01) and number of food pellet deliveries (F 4,12 ¼ 3.90, po0.05). Slight decreases in response rate and food pellet delivery were observed in all monkeys; however, the magnitudes of these effects are mainly attributable to one monkey (Mm 350) that distributed 68% of responses to the injection lever, resulting in the delivery of three i.v. injections of desipramine.
Atomoxetine Availability
Like desipramine, atomoxetine did not produce changes in the distribution of lever-pressing behavior and failed to maintain i.v. self-administration (Figure 2 ). At the highest unit dose tested, 0.32 mg/kg/inj, 480% of responses were allocated to the food-lever. The number of self-administered injections of atomoxetine did not increase above values observed during availability of its i.v. vehicle; on average, the maximal number of i.v. deliveries was 473. During availability of 0.1 and 0.32 mg/kg/inj atomoxetine, total drug intake for the group of monkeys was 0.3770.04 and 1.7870.33 mg/kg, respectively.
Although it did not produce substantive increases in injection-lever responding or i.v. injections, atomoxetine decreased overall response rates and the number of food pellet deliveries in a dose-dependent manner. At the highest unit dose of atomoxetine, 0.32 mg/kg/inj, overall response rates decreased to an average of 52% of control values (Figure 3 ). At this dose of atomoxetine, the number of food pellets also was significantly decreased (F 4,12 ¼ 4.23, po0.05; Figure 3 ).
DISCUSSION
The abuse liability of atomoxetine, desipramine, methylphenidate, d-amphetamine, and cocaine were evaluated in Reinforcing effects of monoamine reuptake inhibitors M Gasior et al the present studies by examining the ability of these drugs to maintain self-administration behavior in monkeys allowed to choose between i.v. drug injections and food delivery. The present experiments were conducted in experienced rhesus monkeys that typically respond predominantly on the injection-lever when reinforcing doses of cocaine are available for self-administration and predominantly on the food-lever when vehicle or lesser doses of cocaine are available (Paronis et al, 2002; Gasior et al, 2004) . The distribution of behavior under concurrent schedules of food and i.v. drug availability can be taken as a measure of the available drug's relative reinforcing strength, which may reflect its abuse potential. Thus, the allocation of 50% or less of responding to the injection-lever, indicating that the selfadministered drug's relative reinforcing strength is no greater than that of available food pellets, is suggestive of limited abuse potential, whereas higher levels of responding on the injection-lever are indicative of greater relative reinforcing strength and, likely, greater abuse liability. Desipramine or atomoxetine resulted in little change in the distribution of behavior (o20% of response allocation to the injection-lever) despite decreases in the number of food deliveries. The range of unit doses available for i.v. selfadminsitration approximate oral doses of desipramine, 2.8 mg/ kg, and atomoxetine, 0.5-1.2 mg/kg, recommended for treatment of ADHD (Higgens, 1999; Lynch, 2003) These data indicate that i.v. desipramine and atomoxetine do not have reinforcing properties when food is concurrently available and corroborate earlier reports that desipramine and other tricyclic antidepressant drugs lack abuse potential (Yanagita et al, 1972; Hoffmeister and Goldberg, 1973; Lamb and Griffiths, 1990; Haddad, 1999) . In contrast, cocaine, d-amphetamine, and methylphenidate all maintained self-administration behavior, indicated by exclusive responding on the injection-lever during the availability of one or more i.v. unit doses in each monkey. The negligible reinforcing strength of atomoxetine and desipramine in the present studies supports the view that they may possess minimal abuse potential.
The similar reinforcing effects of cocaine, methylphenidate, and d-amphetamine under concurrent-schedule choice procedures should not be surprising in view of comparable results under single schedules of i.v. drug availability (Balster and Schuster, 1973; Griffiths et al, 1978; Risner and Jones 1976; Bergman et al, 1989) . In this regard, double alternation schedules like the one used in the present study previously have been used only in single-lever self-administration studies (Woolverton et al, 2001 (Woolverton et al, , 2002 . It is noteworthy that functions describing the relation between response allocation and unit dose of drug obtained on the first and second days of the double alternation schedule were comparable and, also, were similar to previously reported effects of these drugs under different choice procedures (Iglauer and Woods, 1974; Paronis et al, 2002; Negus, 2003) . The present results extend the conditions under which choice behavior can be evaluated in i.v. selfadministration studies to include double alternation procedures, which may be expeditious for abuse liability evaluation across a full range of unit i.v. doses of a drug.
In summary, the present results are consistent with previous findings suggesting that i.v. d-amphetamine or i.v. methylphenidate maintain persistent self-administration behavior in monkeys, predictive of significant abusepotential for these two drugs (Kollins et al, 2001) . The validity of such findings are well established for cocaine and d-amphetamine, which have been abused widely in the last 50 years (Foltin and Fischman, 1991) . Illicit use and abuse is less well established for methylphenidate, which is prescribed for the treatment of ADHD. The lesser apparent abuse of methylphenidate may be due to several factors, including the ready availability of other psychomotor stimulant drugs, and the relatively tight regulation of the synthesis and supply of methylphenidate to the medical community. Nevertheless, methylphenidate abuse has been reported and the extent to which the prescription and use of methylphenidate also include its misuse and abuse is currently unknown (KleinSchwartz 2002) . Illicit use and abuse of atomoxetine, which has only recently been approved for treatment of ADHD has not yet been reported. However, the present results suggest that behaviorally active i.v. doses of atomoxetine display minimal reinforcing strength compared to abused psychostimulant drugs. Based upon this preclinical evaluation, atomoxetine may exhibit low abuse liability, contributing to a favorable therapeutic profile.
